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In 1935 Schro¨dinger introduced the terms entanglement and steering in the context of the famous
gedanken experiment discussed by Einstein, Podolsky, and Rosen (EPR). Here, we report on a sixfold
increase of the observed EPR-steering effect with regard to previous experiments, as quantified
by the Reid-criterion. We achieved an unprecedented low conditional variance product of about
0.04 < 1, where 1 is the upper bound below which steering is demonstrated. The steering effect was
observed on an unconditional two-mode-squeezed entangled state that contained a total vacuum
state contribution of less than 8%, including detection imperfections. Together with the achieved
high interference contrast between the entangled state and a bright coherent laser field, our state is
compatible with efficient applications in high-power laser interferometers and fiber-based networks
for entanglement distribution.
Ever since the landmark article by A. Einstein,
N. Podolsky, and B. Rosen (EPR) [1] was published, en-
tanglement has been demonstrated in a large variety of
physical systems [2–7]. Recent theoretical and experi-
mental work in quantum information [8–10] has sparked
an interest in EPR steering. The term itself was already
coined by E. Schro¨dinger in 1935 [11] in response to the
original EPR gedanken experiment.
The steering effect can be described as follows. One
party, Alice, repeatedly sends a defined physical system
to another party, Bob. She then proves to Bob that she
can predict his measurement outcomes on this system
with more precision than would be possible for any sep-
arable (classical) state. In the actual case of a shared
steering state, Bob would find rather broad distributions
of his measurement results for two non-commuting ob-
servables. When he evaluates the discrepancies between
Alice’s predictions and his measurement results, however,
Bob realizes that the according mutual uncertainties are
less than allowed for a pure separable minimum uncer-
tainty state, as quantified by Heisenberg’s uncertainty
principle. It therefore seems that Alice accomplishes a
phase space steering of the measurement outcomes at
Bob’s side, merely by performing measurements on her
subsystem. Of course, other than the term steering might
suggest, in the course of Alice’s measurements no infor-
mation is exchanged with Bob’s subsystem. Only when
she sends her predictions, Bob realizes that her knowl-
edge exceeds the fundamental limit for a separable state
and its non-commuting observables, such as position and
momentum.
EPR as well as Schro¨dinger considered the example of
an idealized, pure bipartite entangled state of continu-
ous variables (CV). In 1989, M. D. Reid proposed a crite-
rion for the EPR entanglement of non-idealized Gaussian,
continuous variable systems, i.e. for decohered, mixed
Gaussian states [12]. More recently, E. G. Cavalcanti et
al. [13, 14] derived criteria for non-idealized discrete sys-
tems, and H. M. Wiseman and co-workers developed a
general theory of experimental EPR-steering criteria ap-
plicable to discrete as well as continuous-variable observ-
ables [8, 9]. It was shown that the Reid criterion can be
re-derived within this formalism. The first demonstra-
tion of EPR steering was achieved by Z. Y. Ou et al. in
1992, followed by several other experiments in the CV
regime [15–23]. In 2003, W. P. Bowen et al. experimen-
tally demonstrated in the Gaussian regime that EPR en-
tanglement is indeed more demanding than just estab-
lishing entanglement [17]. In 2004, J. C. Howell demon-
strated the EPR paradox for continuous variables of sin-
gle photons using post-selection [24]. A review on these
experiments is given in [25]. EPR-steering was also ob-
served in several experiments with discrete variables,
based on photon counting and post-selection [10, 26–28].
Recently, we have shown that the intrinsic asymmetry in
the steering scenario can lead to one-way steering, where
only Alice can steer Bob but not vice-versa [29].
Several quantum information protocols for uncondi-
tional CV entanglement are known. In each of these,
quantitatively strong nonclassical properties are required
for useful implementations. For example, dense coding
can increase the capacity of a quantum-information chan-
nel, but requires more than 4.8 dB of two-mode squeez-
ing to surpass classical schemes [30]. Analogously, the
obtained secure bit rate in CV quantum key distribution
depends on the strength of the entanglement [31]. In the
field of quantum metrology, recent theoretical and exper-
imental works show promising sensitivity improvements
with unconditional entangled states [32–35].
Here we report on the continuous observation of strong
unconditional EPR steering in the Gaussian regime using
two-mode squeezed states. The EPR steering strength is
quantified to E2 = 0.041 ± 0.005 < 1, where unity is
the benchmark below which the steering effect is demon-
strated [9]. This value is, to the best of our knowledge,
the strongest unconditional EPR entanglement measured
to date and a more than sixfold improvement over pre-
vious values [22]. The improvement was made possible
by the recent advances in squeezed light sources [36, 37],
which allowed us to stably operate two such sources si-
multaneously with detected squeezing values of about
10 dB. A special property of our EPR state is its low
vacuum state contribution of just 8%. The EPR entan-
glement is contained in a well-defined TEM00 mode and
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FIG. 1. (Color online) Graphical representation of the EPR-Reid criterion as a measure for the continuous-variable EPR
steering task. Alice and Bob share an entangled state with probability distributions for each quadrature as given by the four
broad projections for Xˆ and Pˆ in red and blue, respectively. From a measurement result XA (solid red line) at her side, Alice
can predict the measurement outcome at Bob’s detector with an uncertainty as given by the dashed red lines. The same applies
to a measurement of PA, as indicated by the blue lines. The two narrow Gaussian projections and thus the area enclosed by
the orange circle are measures for Alice’s ability to predict Bob’s measurement results. For our experimental results, which
are drawn here to scale, this conditional uncertainty circle has about one fifth the variance of the vacuum (black circle), which
would be the lower uncertainty limit had Alice and Bob not shared an entangled state.
is therefore ideally suited for possible applications in op-
tical networks and high-power laser interferometers.
In order to qualify and quantify the EPR-steering, we
use the EPR-Reid criterion [12] for the field quadratures
Xˆ and Pˆ ,
E2B|A = ∆2B|AXˆ ·∆2B|APˆ
!
< 1 , (1)
where ∆2B|AOˆ = mingO ∆
2(OˆB − gOOˆA) is the condi-
tional variance and ∆2Oˆ denotes the variance of the ob-
servable Oˆ. The goal for Alice is to minimize the mu-
tual uncertainty, i.e. the conditional variances. If Alice
is able to fulfill inequality (1), Bob will be convinced
that they indeed share an entangled state. The criti-
cal value of unity in (1) comes from the fact that clas-
sical correlations between two beams can only be deter-
mined with at most the accuracy of the vacuum’s zero-
point fluctuations. Throughout this paper, we normal-
ize the variance of this so-called vacuum noise to unity,
∆2Xˆvac = ∆2Pˆ vac ≡ 1.
Figure (1) illustrates the EPR-Reid criterion used in
this work. It shows the joint two-mode quasi-probability
distribution of the EPR entangled state shared by Alice
and Bob. The four broad Gaussian distributions give the
measurement statistics for measuring one or the other
non-commuting observable Xˆ and Pˆ on the respective
subsystem A or B. The figure further illustrates the suc-
cess of our experiment drawn to scale. For both quadra-
tures we achieved a conditional variance about five times
smaller than the minimal uncertainty product possible
for separable states. This is represented in the illustra-
tion by the orange circle on the right, compared to the
black circle.
Experiment—Figure 2 shows a schematic of our ex-
perimental setup. Two squeezed-light resonators (SLRs)
produced amplitude-quadrature squeezed light fields at
a wavelength of 1064 nm. These were overlapped with a
relative phase of pi/2 on a 50:50 beam splitter, thereby
creating two-mode squeezing. The quadrature ampli-
tudes Xˆ and Pˆ of the two output modes were detected
with two balanced homodyne detectors at Alice’s and
Bob’s sites. Both detector outputs were passively sub-
tracted and then measured with a spectrum analyzer at
a Fourier frequency of 5 MHz with a resolution bandwidth
of 300 kHz.
We used type I parametric down-conversion in
periodically-poled potassium titanyl phosphate (PP-
KTP) to generate the squeezed input fields. The two
squeezed light resonators differed in that one was mono-
lithic (MSLR), with cavity mirror coatings directly ap-
plied to the crystal’s curved end faces, while the other
was half-monolithic (hemilithic) (HSLR), with the cav-
ity between one crystal surface and a separate, piezo-
actuated mirror. In both cases, one crystal surface was
highly reflecting at both the 1064 nm fundamental wave-
length and the 532 nm pump field. The outcoupling mir-
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FIG. 2. (Color online) Schematic of the experimental setup.
Two squeezed beams coming from a monolithic and a half-
monolithic squeezed light resonator, MSLR and HSLR, are
overlapped at a 50:50 beamsplitter, thereby producing a bi-
partite EPR entangled state. The measurements at Alice and
Bob are performed by balanced homodyne detection.
rors each had a power reflectivity of 90% for the fun-
damental and 20% for the harmonic field. Peltier ele-
ments were thermally connected to both nonlinear crys-
tals and used to temperature stabilize to the phase-
matching condition. Most of the main laser light coming
from a Nd:YAG non-planar ring-oscillator was converted
into the pump field at 532 nm for the parametric down-
conversion process in the SLRs. The second harmonic
field was amplitude stabilized with a Mach-Zehnder type
interferometer and spatially filtered in a mode-cleaning
ring cavity. About 60 mW pump power was needed for
each SLR. Sub-milliwatt control fields carrying radio-
frequency phase modulations were injected into both
squeezing resonators through their highly reflective mir-
ror coatings. They were used to lock the monolithic as
well as the hemilithic cavities on resonance by actuating
the laser frequency and the piezo-driven outcoupling mir-
ror, respectively. The same phase modulations were also
employed to control the phase of the pump field and to
lock the homodyne detectors’ quadrature angles. A small
fraction of light was tapped off the main laser beam and
spatially filtered. This beam was then divided to provide
about 10 mW local oscillator power for each homodyne
detector. The homodyne detectors where equipped with
custom-made photo diodes with a quantum efficiency of
> 99% and had a dark-noise clearance of about 22 dB
below the vacuum noise.
Results—A bipartite Gaussian entangled state is com-
pletely defined by its covariance matrix γ. Given the
entries of γ, the EPR-Reid criterion (1) can be restated
FIG. 3. (Color online) Variance of the sum and difference
of the amplitude and phase quadratures at Alice and Bob.
The traces were measured at a Fourier frequency of 5 MHz
and are normalized to the vacuum’s zero-point fluctuations,
∆2Xvac = ∆2P vac ≡ 1. Steering as characterized by the
EPR-Reid criterion is clearly visible, here with scaling param-
eters gX = 1 and gP = −1, i.e. ∆2(XˆA−XˆB) ·∆2(PˆA+PˆB) <
1. The traces were recorded with an RBW of 300 kHz, and
VBW of 300 Hz. Detection dark-noise was 22 dB below the
vacuum noise and was not subtracted from the measurement
data.
as [30]
E2B|A =
(
∆2XˆB − Cov(XˆA, XˆB)
2
∆2XˆA
)
×
(
∆2PˆB − Cov(PˆA, PˆB)
2
∆2PˆA
)
. (2)
We performed six different measurements on our entan-
gled system in order to partially reconstruct all rele-
vant entries of its associated covariance matrix. These
included the amplitude and phase quadratures at Al-
ice and Bob, respectively, and the cross-correlations
∆2(XˆA − XˆB) and ∆2(PˆA + PˆB). From the latter we
calculated the covariances between measurements at Al-
ice and Bob via the identity
Cov(Oˆ1, Oˆ2) =
1
2
(
∆2(Oˆ1 + Oˆ2)−∆2Oˆ1 −∆2Oˆ2
)
. (3)
An example of the measured traces is given in Figure 3.
These clearly show the EPR steering effect, E2 = 0.042 <
1, where we chose the scaling factors gX = 1 and gP =
−1. The same traces also show the inseparability of our
system as expressed by the Duan criterion [38], ∆2(XˆA−
XˆB) + ∆
2(PˆA + PˆB) < 4. From our measurements the
left side evaluates to 0.41, thus falling below the Duan
threshold by almost a factor of ten.
4The partially reconstructed covariance matrix reads
γ =
18.41 (0) 18.09 (0)(0) 35.49 (0) −34.9518.09 (0) 17.98 (0)
(0) −34.95 (0) 34.61
 . (4)
Each entry has an associated relative error of about 5%.
The Pˆ quadratures show roughly twice the variance of the
Xˆ quadratures, which can be attributed to almost 3 dB
more anti-squeezing produced in the monolithic squeezed
light resonator. The bracketed values where not mea-
sured but instead ‘set’ to zero by our experimental ar-
rangement, because the orientations of the squeezing el-
lipses as well as the local oscillator phases of the BHDs
were precisely controlled in such a way that no corre-
lations were introduced. In principle these values can
also be measured independently, as we and others demon-
strated before [21, 39, 40]. Such measurements, however,
are rather involved or even introduce additional optical
loss. Note that if the bracketed zeros did not correspond
to the actual values, the generated entanglement strength
would be underestimated but never overestimated.
Inserting the entries of the covariance matrix γ into
Eq. (2) yields E2B|A = 0.039 for the case where Alice steers
the measurement outcome at Bob’s detector. This result
is slightly better than expected from Figure 3, therefore
we conclude that initially, Alice’s scaling parameters were
not perfectly chosen. The reverse setup, E2A|B , performs
similar with an EPR value of 0.041.
A comparison of γ to a theoretical loss model yields an
overall efficiency intrinsic to our physical system of ξ =
92%. Internal loss of the squeezed light resonators (about
2.5%), propagation loss (1%) and imperfect mode overlap
at the entanglement beam splitter (about 1.4% loss due
to a fringe visibility of 0.993) lead to an EPR state prepa-
ration efficiency of η = (95± 1)%. We therefore obtain a
homodyne detection efficiency of ξ/η = (97±1)%, which
is a reasonable value assuming a quantum efficiency of
our custom made photo-diodes of 99%, additional propa-
gation loss of 0.6%, and again a fringe visibility of about
0.993.
Discussion and conclusion—In this work we demon-
strated unconditional EPR-steering using continuous
measurements of position- and momentum-like variables.
We significantly improved the strength of the steering ef-
fect as quantified by Eq. (1) to E2 = 0.04. This value
corresponds to an inseparability of 0.41 < 4, according
to Duan et al. [38].
Our improvement is closely linked to the recent ad-
vances in squeezed light sources, which we successfully
transferred and applied to our entanglement setup. The
high quality of our state’s spatial mode makes it also
applicable in more complex optical networks, such as in
interferometers, where an excellent mode-matching is es-
sential to achieve an overall high efficiency. From a fun-
damental point of view, the setting used in this work
is able to asymptotically approach the original idealized
gedanken experiment considered by Einstein, Podolsky,
Rosen and Schro¨dinger.
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